Introduction
In a natural photosynthetic reaction centre, the multistep electron-transfer reactions occur following the excitation of dimeric chlorophyll to attain the long-lived charge-separated (CS) state.
1 The redox-active components such as chlorophyll, pheophytin and quinones are elegantly located in the protein matrix by non-covalent interactions.
1 Extensive efforts have so far been devoted toward the design of electron donor-acceptor composites using covalently and non-covalently linked systems to form the long-lived CS state upon photoexcitation.
2- 26 The syntheses of covalently linked systems are inefficient and costly, thus it is a better choice to prepare supramolecular donor and acceptor systems.
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Fullerenes and porphyrins are attractive building blocks for the construction of supramolecular electron donor-acceptor composites due to their excellent photophysical and electrontransfer properties. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] The fullerene derivatives have been widely employed as electron acceptors due to their favourable reduction potentials and small reorganization energy in electron-transfer reactions. [20] [21] [22] [23] [24] [25] [26] [27] [28] On the other hand, the porphyrin compounds have very strong absorption bands in the visible region and their photoexcited states are generally good electron donors. 28 Moreover, porphyrins are attractive components in the construction of host molecules for fullerenes through the p-p interactions between the spherical p-surface of fullerenes and at p-planes of porphyrins. [29] [30] [31] [32] [33] [34] [35] [36] Numerous fullereneporphyrin supramolecules as well as linked molecules have been extensively studied as functional models of the reaction centre for charge-separation process in natural photosynthesis.
12-21, [30] [31] [32] [33] [34] [35] However, non-covalent binding between highly p-conjugated compounds such as porphyrins and fullerenes is not strong enough in polar solvents which are generally used for studies on photoinduced electron-transfer reactions. In contrast, when a non-polar solvent is used, the efficiency of charge separation is low in the supramolecular donor-acceptor complexes and the resulting CS state is extremely short-lived because the CS state decays to the triplet excited chromophore, which is lower in energy than the CS state.
12,24b
The energy of CS state should be lower than the triplet excited energy of each component. This is a typical dilemma for the long-lived charge separation in supramolecular donor-acceptor complexes.
In order to solve this problem, we have recently reported the cyclic porphyrin dimers (CPDs) as shown in Scheme 1a. strong supramolecular binding by p-p interaction was observed to form inclusion complexes. 35, 36 Unfortunately, the inclusion complex of C 60 and the nickel cyclic porphyrin dimer (C 60 3Ni 2 -CPD Py ) in crystalline state did not show the expected CS state in the time-resolved transient absorption spectra upon photoexcitation because the singlet excited state of the nickel porphyrin immediately gives rise to the triplet excited state by the rapid intersystem crossing, followed by energy transfer to afford the low-energy triplet excited state of C 60 ( 3 C 60 * ).
35 The estimated energy level of the CS state (1.98 eV) is higher than that of 3 C 60 * (1.57 eV). 35, 37 In contrast, the corresponding inclusion complex of C 60 and the free-base porphyrin dimer (C 60 3H 4 -CPD Py ) underwent photoinduced electron transfer from the porphyrin to C 60 owing to the lower oxidation potential and the slower intersystem crossing of the free-base porphyrin than those of the nickel complex. However, the lifetime of this CS state was very short probably because its energy level (1.83 eV) is still higher than that of 3 C 60 * . 35 The energy limit of a CS state is ca. 1.50-1.60 eV, which is the triplet excited energies of fullerenes and porphyrins.
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It has been reported that a lithium ion encapsulated fullerene (Li + @C 60 ) has a stronger electron accepting ability than pristine C 60 . 38-42 The higher reduction potential of Li + @C 60 than C 60 makes the energy levels of the resulting CS states lower than the triplet excited energy. 40, 41 It is expected that the combination of Li + @C 60 and the cyclic porphyrin dimers will make it possible to achieve both efficient formation of supramolecules and long-lived photoinduced charge separation. (OC 6 ) by applying a nonlinear curve-tting method using eqn (1) and (2), (OC 6 ) are shown in Fig. 3a and b. The comparison with the uncomplexed compounds shows that the cyclic voltammograms consist of the electron oxidation processes of CPD Py (OC 6 ) and the electron reduction process of Li + @C 60 . 43 The electrochemical data are summarized in at 650 nm. The K assoc value was evaluated by using eqn (2).
The energies of the triplet excited states were determined by phosphorescence spectra in a frozen PrCN/EtI (3:1 v/v) glasses at 77 K to be 1.51 eV for H 4 -CPD Py (OC 6 ) and 1.50 eV for Ni 2 -CPD Py (OC 6 (OC 6 ) and (1.86 and 1.67 eV) are higher than those of the triplet excited state of C 60 and CPD Py (OC 6 ) as observed in our previous studies, 35 suggesting no formation or short lifetimes of the CS states.
Photoinduced charge separation
The photodynamics of these inclusion complexes was investigated by the transient absorption spectra measured in PhCN by the use of femtosecond and nanosecond laser ash photolysis. The time-resolved transient absorption spectra of Li + @C 60 3H 4 -CPD Py (OC 6 ) measured by femtosecond laser ash photolysis (l ex ¼ 420 nm) in the time range from 1 ps to 3000 ps ( Fig. 4a The linear plots of ln(k BET T 1/2 ) vs. T À1 derived from the Marcus equation (eqn (3)) 47 in Fig. 7 afford the reorganization 
UV-vis and IR absorption measurements
Ultraviolet-visible (UV-vis) absorption and infrared (IR) spectra were recorded on Shimadzu UV-3100PC and BIO RAD FTS6000 spectrophotometers, respectively.
Emission measurements
Fluorescence spectra were measured on a Horiba FluoroMax-4 spectrouorophotometer with a quartz cuvette (path length ¼ 10 mm) at 298 K. Phosphorescence spectra were measured on a Horiba Fluorolog s3 spectrophotometer with a quartz tube (i.d. ¼ 4 mm) at 77 K.
Electrochemical measurements
Electrochemical measurements were performed on a ALS630B electrochemical analyzer in deaerated PhCN containing 0.1 M Bu 4 NPF 6 as the supporting electrolyte at 298 K. A conventional three-electrode cell was used with a platinum working electrode (surface area of 0.3 mm 2 ) and a platinum wire as a counter electrode. The platinum working electrodes (BAS) were routinely polished with BAS polishing alumina suspension and rinsed with acetone and acetonitrile before use. The measured potentials were recorded with respect to an Ag/AgNO 3 (0.01 M) reference electrode. All potentials (vs. Ag/Ag + ) were converted to values vs. SCE by adding 0.29 V. All electrochemical measurements were carried out under an N 2 atmosphere.
Laser ash photolysis
Femtosecond transient absorption spectroscopy experiments were conducted using an ultrafast source: Integra-C (Quantronix Corp.), an optical parametric amplier: TOPAS (Light Conversion Ltd) and a commercially available optical detection system: Helios provided by Ultrafast Systems LLC. The source for the pump and probe pulses were derived from the fundamental output of Integra-C (l ¼ 786 nm, 2 mJ per pulse and fwhm ¼ 130 fs) at a repetition rate of 1 kHz. 75% of the fundamental output of the laser was introduced into a second harmonic generation (SHG) unit: Apollo (Ultrafast Systems) for excitation light generation at l ¼ 393 nm, while the rest of the output was used for white light generation. The laser pulse was focused on a sapphire plate of 3 mm thickness and then white light continuum covering the visible region from l ¼ 410 nm to 800 nm was generated via self-phase modulation. A variable neutral density lter, an optical aperture, and a pair of polarizer were inserted in the path in order to generate stable white light continuum. Prior to generating the probe continuum, the laser pulse was fed to a delay line that provides an experimental time window of 3.2 ns with a maximum step resolution of 7 fs. In our experiments, a wavelength at l ¼ 393 nm of SHG output was irradiated at the sample cell with a spot size of 1 mm diameter where it was merged with the white probe pulse in a close angle (<10 ). The probe beam aer passing through the 2 mm sample cell was focused on a ber optic cable that was connected to a CMOS spectrograph for recording the time-resolved spectra (l ¼ 410-800 nm). Typically, 1500 excitation pulses were averaged for 3 seconds to obtain the transient spectrum at a set delay time.
Kinetic traces at appropriate wavelengths were assembled from the time-resolved spectral data. All measurements were conducted at room temperature, 295 K. Nanosecond time-resolved transient absorption measurements were carried out using the laser system provided by UNISOKU Co., Ltd. Measurements of nanosecond transient absorption spectrum were performed according to the following procedure. A deaerated solution containing supramolecule was excited by a Panther OPO pumped by a Nd:YAG laser (Continuum SLII-10, 4-6 ns fwhm). The photodynamics were monitored by continuous exposure to a xenon lamp (150 W) as a probe light and a photomultiplier tube (Hamamatsu 2949) as a detector. The solution was oxygenated by nitrogen purging for 15 min prior to measurements. Synthesis 3-Bromo-5-(hexyloxy)benzaldehyde (1). 1,3-Dibromo-5-(hexyloxy)benzene 49 (3.36 g, 10 mmol) was added into a three-neck ask and the inside of the ask was replaced with N 2 . Then, dry THF (100 mL) was added into the ask under N 2 atmosphere and the solution was cooled to À78 C. To this solution, n-butyllithium (2.69 M solution in n-hexane, 3.7 mL, 10 mmol) was added dropwise over few minutes. An hour later, excess DMF was added to the reaction mixture. Aer warming to room temperature, the reaction was quenched with water. The reaction mixture was washed with water (100 mL, 2 times), dried over Na 2 SO 4 , and evaporated. The crude product was puried by column chromatography (silica-gel, n-hexane/CHCl 3 ¼ 3/1 v/v) to furnish the product as a light yellow oil (2.64 g, 93 %).
1 H NMR (CDCl 3 , 400 MHz): d 0.91 (t, J ¼ 7.1 Hz, 3H, -(CH 2 ) 5 CH 3 ), 1.32-1.49 (m, 6H, -(CH 2 ) 2 (CH 2 ) 3 CH 3 ), 1.79 (quin, J ¼ 6.9 Hz, 2H, -CH 2 CH 2 -(CH 2 ) 3 CH 3 ), 3.99 (t, J ¼ 6.6 Hz, 2H, -CH 2 (CH 2 ) 4 CH 3 ), 7.30 (m, 2H, Ar-H), 7.55 (t, J ¼ 1.6 Hz, 1H, Ar-H), 9.89 (s, 1H, -CHO); (18 mg, 80 mmol), and triphenyl phosphine (42 mg, 0.16 mmol) in dry Et 3 N (8 mL) was degassed with a stream of N 2 for 30 min. Then, trimethylsilylacetylene (1.7 mL, 12 mmol) was added, heated rapidly to 80 C, and stirred for 6 hours under N 2 atmosphere.
Aer conrmation of the disappearance of Ar-H signals derived from the substrate, the reaction mixture was cooled to room temperature and the white precipitation was removed by ltration. The dark brown ltrate was evaporated and then puried by column chromatography (silica-gel, n-hexane/CHCl 3 ¼ 3/1 v/v) to furnish the product as a thick brown oil (2.18 g, 90% 3318, 2955, 2930, 2870, 2158, 1591, 1475, 1421, 1354, 1249, 1159, 976, 928, 855, 801, 760, 730, 660 (OC 6 ). The free base dimer was prepared from 5 (186 mg, 0.2 mmol) according to the reported procedure.
35c The crude product was puried by ash column chromatography (silica-gel, CHCl 3 /EtOH ¼ 200/1 v/v) and recrystallized from CHCl 3 /i-PrOH to give the product as a purple solid (42 mg, 24 % 2928, 2869, 1590, 1475, 1417, 1370, 1195, 1171, 1056, 976, 799, 728 , 660 cm À1 .
Ni 2 -CPD Py (OC 6 ). H 4 -CPD Py (OC 6 ) (29.5 mg, 17 mmol) and excess amount of Ni(OAc) 2 $4H 2 O dissolved in MeOH were reuxed in 17 mL CHCl 3 /toluene (3/2) under N 2 atmosphere. Aer 5 days, the reaction mixture was washed with 1.0 M HCl, saturated aqueous solution of NaHCO 3 , and water. The orange organic layer was dried over Na 2 SO 4 and evaporated. The residue was puried by ash column chromatography (silica-gel, CHCl 3 / EtOH ¼ 250/1 v/v). The crude product was recrystallized from CHCl 3 /i-PrOH to give the product as a orange solid (25.0 Notes and references
